Abstract The silver ion conducting boro tellurite glasses have been prepared by melt quenching technique. The conductivity and dielectric measurements were carried out on these glasses as a function of frequency from 10 Hz to 10 MHz over a temperature range of 298-328 K. The analysis of conductivity measurement shows that the silver ions are the main charge carriers, which are considered to be the predominant factor playing the role of enhancing the conductivity. The power law exponent s and stretched exponent b are found to be insensitive to both temperature and compositions. AC conductivity and dielectric relaxation behaviour of these glasses were also studied and the results are discussed in view of the structure of borate and tellurite network.
Introduction
Superionic conducting glassy materials are of technological interest from the point of view of their potential usage as solid electrolyte in the fabrication of solid state batteries. Several electrical studies on glassy materials have revealed that glasses need not necessarily be insulators, but can be superionic conductors under certain circumstances [1] [2] [3] . The high ionic conductivity depends on the nature and content of the modifier oxide and also glass former compositions [4, 5] . The incorporation of alkali halides or metal halides in the mixed glass formers [6, 7] is considered to be predominant factor playing the role of enhancing the conductivity of the conventional glasses to reach the values of superionic materials. The fast ion conducting glasses are characterized by greater freedom of movement of Ag + /Li + ions because these ions are not held in the lattice sites or anion cages firmly. Also the addition of network modifier such as Ag 2 O introduces ionic bonds usually associating non-bridging oxygen ions with modifying cations. Ag 2 O donates oxygens and negative charges to the glass network, which becomes rich in charge carriers (Ag + ) and gains the capability of acting as a solvent for the metal halide (AgI) salts. Hence the mobility of Ag + ions associated with an iodide environment is considered to be higher and based on the fact that increase in the percentage of AgI in the glass give rise to higher conductivities [8] [9] [10] .
One of the most widely used glass formers for the synthesis of superionic conducting glass is B 2 O 3 . Generally glasses containing silver halide and particularly silver iodide, can provide superionic behaviour at room temperature. The structure and the electrical properties of silver ion-conducting borate-based glasses have been reported in the literature [11, 12] . Borate glasses exhibit well-known and unique structural features. [13, 14] . The trigonal and tetragonal conversion and formation of oxygen bridges by the oxide ion from the modifier reaches a maximum at the diborate composition. When the modifier concentration is increased further, the percentage of tetragonal boron decreases indicating a structural stability of tetrahedra in the presence of higher modifier oxide concentrations [15] [16] [17] [18] and the notable feature is that there is no non-bridging oxygen (NBO) in the coordination of tetrahedral boron. Tellurium oxide is also a good network former and a large number of binary and ternary tellurite systems easily form glasses [19, 20] . The structure of tellurite glasses has been examined by many authors [21] [22] [23] using various techniques. The interesting aspect of the structure of tellurite glasses is that when the environment is more ionic, the addition of modifier seems to favour the formation of trigonal pyramidal, [ 0 (tbp) units [24] [25] [26] [27] [28] [29] . Tellurium appears to prefer these coordinations, tp units form chains while tbp units show three dimensional networks. Also when TeO 2 is added to the borate group (such as diborate) which is quite ionic, TeO 2 prefers to form chains which interpenetrate the borate network. Tellurium oxidebased glasses are mainly studied for their optical properties. The investigations of electrical conductivity from AgI-Ag 2 O-TeO 2 glass system have been studied recently. Due to a lone electronic pair associated with tellurium leads to high refractive index [21] and show interesting non-linear optical transmission in the infrared region [30, 31] . They also exhibit high dielectric constant and ionic conductivity with suitable modifications of the network [29, 32, 33] . In addition to all these properties, tellurite glasses exhibit low glass transition temperature, high thermal expansion coefficient and are less hygroscopic in nature (compared to phosphate and other oxide glasses), which make them responsible for their applications in optical switching devices, erasable recording materials, laser hosts etc. [34] [35] [36] [37] .
It has been observed that in many cases the conductivities have been enhanced by mixing two different glass formers [8, 9, [38] [39] [40] with different coordination polyhedrons. But such mixtures have a strong tendency to phase separation at low modifier oxide molar ratio. Therefore, the complete substitution of one network former by another one has not always been possible [9] .
The present study, aims to investigate the glasses containing two glass formers (B 2 O 3 and TeO 2 ) by replacing high conducting electrolyte material such as AgI by Ag 2 O. Silver oxides has been chosen as a network modifying oxide, since silver ions possess high ionic conductivity compared to alkali modifying cations such as Li + ion. Keeping a constant molecular ratio of the network former, an increase of the ionic conductivity has been observed by mixing two different network modifiers. The frequency dependence of conductivity and dielectric relaxation has also been examined.
Experimental
Glasses in the quaternary system, AgI-Ag 2 O-B 2 O 3 -TeO 2 are prepared using high purity chemicals, AgI (Qualigens), Ag 2 O (Qualigens), H 3 BO 3 (BDH) and TeO 2 (Aldrich). The ratio between B 2 O 3 and TeO 2 is kept constant, (B 2 O 3 :TeO 2 = 1) and AgI content is varied between 0 and 12.5 mol%. The glass samples were prepared by melting the calculated quantities of analar grade chemicals in porcelain crucibles. The mixtures were melted in an electric furnace in the temperature range of 900-950°C depending on composition. The melted liquid being mixed by swirling the melt to obtain a bubble-free and homogeneous glass. The melt was poured on to a brass block and pressed with another block to obtain thin discs of 0.1 cm thickness and a diameter of 1 cm. The obtained glassy samples were then annealed at a temperature lower than the glass transition temperature in order to remove the internal stresses. All the glasses were checked for amorphous nature by X-ray diffractograms, which did not show any sharp peaks.
Electrical conductivity measurements were carried out on a Hewlett Packard HP 4192 A impedance-gain phase analyzer from 10 Hz to 10 MHz in the temperature range of 298-328 K. A home-built cell assembly (a two-terminal capacitor configuration and spring loaded electrodes of silver) was used for the measurements. The sample temperature was measured using a Pt-Rh thermocouple positioned very close to the sample. The temperature was controlled using a Heatcon (Bangalore, India) temperature controller and the temperature constancy of ±1 K was achieved in the entire range of measurements. Annealed circular glass pieces, coated with silver paint on both sides and having thickness of about 0.1 cm and a diameter of 1 cm were used for the measurements.
Analysis procedure
The capacitance (C p ) and conductance (G) of all the samples were measured from the impedance analyser. These were used to evaluate the real and imaginary parts of the complex impedance using standard relations
The dc conductances were determined from the semicircular complex impedance (Z¢ versus Z¢¢) plots by taking the value of intersection of the low frequency end of the semicircle on Z¢ axis. The conductivity (r) for each sample was calculated using the expression
where d and A are the thickness and area of the sample, respectively. The real (e¢) and imaginary (e¢¢) parts of the complex dielectric constant were calculated from the relations,
where e 0 is the permittivity of the free space. The data were also analysed using the electrical modulus formalism. The real (M¢) and imaginary (M¢¢) parts of the complex electrical modulus (M* = 1/e*) were obtained from e¢ and e¢¢ values using the relations,
Results and discussion
DC conductivity
The compositions of the glasses investigated in this study are given in Table 1 along with their corresponding codes. The typical impedance plots (Cole-Cole plots) for BT2 glass is shown in Fig. 1 for four different temperatures.
The dc conductivities were determined from impedance plots from the intercepts on the real axis (Z¢) corresponding to zero frequency. The intercept point shifted to lower and lower Z¢ values with increase of temperature. The Arrhenius plots of conductivities (r dc ) for all the glasses are shown in Fig. 2 . The behaviour of dc conductivities of all the glasses is found to be similar.
As can be seen from Fig. 2 that the conductivity gradually increases with increase of AgI mol% although, the concentration of Ag + ion has been maintained constant in all the compositions. The increasing trend in conductivity with AgI concentration is due to the fact that the incorporation of metal halides was considered as the predominant factor playing the role of enhancing the conductivity [4, 7] . In order to examine the influence of metal halide, AgI itself on the observed conductivity, log r dc has been re-plotted as a function of AgI mol% and it is shown in Fig. 3 -groups. This would particularly lead to weakening the tellurium cyclic arrangement. This structural rearrangement helps the tellurite network to be able to accommodate the more AgI composition. This also enables the glassy matrix to dissolve the AgI salt. This dissolution of AgI in the tellurium network is considered to be most dominant factor, which is responsible to enhance the conductivity [32, [42] [43] [44] [45] [46] . The enhancement of conductivity is also consistent with the model of the glass structure proposed by Minami et al. [47] -groups drastically decreases due to the formation of structural groups with non-bridging oxygens resulting the appearance of distorted [TeO 3/2 ] -groups. [48] . The data of each sample has been least square fitted to straight line to evaluate the activation energy (with an error ± 0.03) for electrical conduction. The values of dc activation energies (E dc ) determined from log(r dc ) versus (1000/T) plots are given in Table 1 . The values of E dc have been plotted and their variation as a function of AgI concentration is shown in Fig. 4 . The decrease of activation energies complements the observed variation in the conductivity which is due to the degradation of boro-tellurite network.
AC conductivity
The ac conductivities of the glasses were studied from 298 to 318 K and over a frequency range of 10 Hz to 10 MHz. A typical logarithmic plot of ac conductivity 4.0x10 -6 6.0x10 -6 8.0x10 as a function of frequency for BT2 glass is shown in Fig. 5a . The ac conductivities have been fitted to Almond-West type of power law expression [49] [50] [51] ,
where r 0 is the dc conductivity and s is the power law exponent. The typical computer fitted conductivity data to the Eq. 9 are shown in Fig. 5b (solid lines) . The behaviour of all the other glass compositions is qualitatively similar. It was found that the goodness of fit is satisfactory in all cases and hence single exponent fit seems to be adequate. The values of r 0 obtained from the Almond-West type power law fit are similar in magnitude to the dc conductivities (r dc ) obtained from the impedance plots. The values of power law exponent s are listed in Table 2 along with the values of power law fit parameter A and goodness of fit (v 2 ). The variation of power law exponent s with temperature is shown in Fig. 6 . The s values are found to be almost constant and lie between 0.5 and 0.6 [52] and are essentially temperature-independent.
Dielectric relaxation behaviour
The dielectric response of the glasses has also been examined by making measurements of dielectric properties. The variation of logarithm of real (e¢) and imaginary (e¢¢) part of dielectric constant with frequency for BT3 glass is shown in Fig. 7a and b . Since the studied glasses are highly ionic, in some cases low frequency dispersion of dielectric constant is due to the electrode polarization effects which seems to manifest at lower frequencies. As can be seen from Fig. 7a that the real part of dielectric constant seems to be flattened and it is almost temperature-independent at higher frequencies. Therefore the data has been examined using modulus representation. The variation of real Table 2 . The exponent b generally lies between 0 and 1, and it is widely used to describe different kinds of relaxation processes in amorphous materials. At low temperatures the relaxations occur via isolated non-interacting dipoles, becoming more and more Debye-like and b values tend towards unity [57] and there is a general tendency of b to decrease with temperature. But in the present study, the values of b seem to level off between 0.4 and 0.5 which is found to be insensitive to the variation of both temperature and composition (shown in Figs. 9, 10) . If the stretched exponent b is sensitive to the variation of temperature and composition then one would have been explained its behaviour by considering an approach to treat the stretched exponential behaviour as a manifestation of a distribution of relaxation times. In the present glass system, the weak dependence of power law exponent, s and stretched exponent, b do not seem to relate in any simple complementary such as s + b % 1 [57] . The ac activation energies, E ac have also been calculated from the plots of logarithmic peak frequency (in M¢¢ versus log(f)) versus 1000/T and are given in Table 1 . The variation of E ac versus AgI mol% is shown in Fig. 11 . E ac also decreases linearly when AgI is substituted by Ag 2 O. It may be also noted from Table 1 that the values of E ac and E dc are found to be almost similar. Thus the ac activation energies obtained from diffusion-independent (dielectric relaxation) measurements are almost same as that of the activation energies obtained from diffusion dependant (dc) conductivity measurements, suggesting a common transport mechanism in these glasses. Reduced plots of conductivity and dielectric modulus
The reduced (master) plots of conductivity and dielectric modulus have also been studied to understand the conductivity and relaxation mechanism in silver-based boro-tellurite glasses. The reduced plots of conductivity log(r/r 0 ) and imaginary part of dielectric modulus (M¢¢/M¢¢ max ) versus the reduced frequency [log(f/f 0 )] has been plotted and it is shown in Fig. 12a and b, respectively. As can be seen from Fig. 12a and b that the plots are clearly superimposable and the data points were found to be coalesce very well for all temperatures and the different compositions studied. The superimpose of all the dielectric data on a single line ascertains the fact that the mechanism of ion transport is same throughout the range of temperature and compositions studied.
Conclusions
DC and AC conductivity as well as dielectric relaxation behaviour of a wide range of composition in AgI-Ag 2 O-B 2 O 3 -TeO 2 glass system have been studied. The study of the conductivity shows that the conductivity is essentially ionic in nature and due to the Ag + ion motion. The dc conductivities increase with increase of AgI mol%. The ac conductivity behaviour with frequency has been fitted to Almond-West type of expression using a single exponent s. The variation of power law exponent s as a function of temperature seem to be independent. The dielectric relaxation data have been analysed using stretched exponential relaxation function. The stretched exponent b is found to be insensitive to both temperature and compositions. The superimposibility of the reduced plots of conductivity and dielectric modulus (M¢¢) against reduced frequency clearly indicates that the ion transport mechanism is same over the wide range of temperature and compositions. Fig. 12 Typical plots of (a) log(r/r 0 ) and (b) (M¢¢/M¢¢ max ) versus log(f/f 0 ) for all the glasses at different temperatures
